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Development of an effective antitumor immune response depends on the appropriate interaction of effector
and target cells. Thus, the expression of chemokines within the tumor may induce a more potent antitumor
immune response. Secondary lymphoid tissue chemokine (SLC) is known to play a critical role in establishing
a functional microenvironment in secondary lymphoid tissues. Its capacity to attract dendritic cells (DCs) and
colocalize them with T cells makes it a good therapeutic candidate against cancer. In this study, we used SLC
as a treatment for tumors established from a murine hepatocellular carcinoma model. SLC was encoded by
recombinant adeno-associated virus (rAAV), a system chosen for the low host immunity and high efficiency of
transduction, enabling long-term expression of the gene of interest. As a result, rAAV-SLC induced a signif-
icant delay of tumor progression, which was paralleled by a profound infiltration of DCs and activated CD4�

T cells and CD8� T cells (CD3� CD69� cells) into the tumor site. In addition, rAAV-SLC treatment was also
found to reduce tumor growth in nude mice, most likely due to inhibition of neoangiogenesis. In conclusion,
local expression of SLC by rAAV represents a promising approach to induce immune-mediated regression of
malignant tumors.

The genetic modification of tumor cells, e.g., with cytokine
genes, represents a rational approach to modify the tumor
microenvironment that favors innate or adaptive immunity to
prevent or reverse tumor development. In particular, chemo-
kine gene transfer offers the possibility to trigger the recruit-
ment of initiators and/or effectors of the immune response
directly to the tumor microenvironment. The generation of an
antitumor immune response is a complex process dependent
on coordinate interaction of different subsets of effector cells,
including both antigen-presenting cells (APCs) and lympho-
cyte effectors (18). Secondary lymphoid tissue chemokine
(SLC), also called 6Ckine or CCL21, is expressed in high
endothelial venules (HEVs), the main port of lymphocyte en-
try into peripheral lymph nodes, in the T-cell areas of lymph
node, spleen, and Peyer’s patches (13, 17, 28, 50). CC chemo-
kine receptor 7 (CCR7), the principal SLC receptor, has been
shown to play an important role in establishing the functional
microenvironment of secondary lymphoid tissues (5, 6, 12, 13,
17, 23, 27, 28, 33, 50, 56). In addition to CCR7, SLC also
interacts with CXCR3, through which it can block angiogenesis
in vivo (41). Previous data have established that SLC exerts
potent chemotactic activity on dendritic cells (DCs), T cells,
and B cells; thus, it might be used to generate an antitumor
immune response (38, 39, 44, 47). Accordingly, intratumoral

injection of SLC as well as intratumoral injection of SLC-gene-
modified DCs (55) induced antitumor activity. However, these
effects were limited, suggesting that the antitumoral response
was not sufficiently robust. One might speculate that a stronger
response could be induced by attracting larger numbers of
effector T cells and APCs to the site of tumor. This would
require that a more efficient expression system be established
to produce SLC in the tumor bed.

The efficiency of an expression vector is one of the key
considerations for gene therapy. A vast majority of these ap-
proaches have been attempted using adenoviral vectors and, to
a lesser extent, retroviral vectors. The major limitation of
adenoviruses is their induction of an inflammatory response and
the temporally limited production of the gene of interest. Thus,
a successful therapeutic outcome can only be achieved by ef-
ficient infection of target tissues and the establishment of long-
term gene expression. Recently, recombinant adeno-associated
viruses (rAAV) have emerged as promising nonpathogenic
vectors with a potential for cancer gene therapy. rAAV can
successfully infect and transduce a broad variety of cell and
tissue types, such as brain, liver, and muscle (4, 9, 22, 52).
Transduction with rAAV results in a low-level inflammatory
response and enables long-term expression of the gene of in-
terest. In vivo studies using rAAV have already demonstrated
beneficial therapeutic effects in the treatment of various dis-
eases in animal models and in human clinical trials (25, 42).
Moreover, rAAV vectors have been proven to be capable of
inducing antitumor effects in vivo (7, 15, 51). In this study, we
evaluated the potential of rAAV for in vivo SLC gene modi-
fication of tumors and tested its antitumor properties. This is
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the first report of genetic modification of tumor cells to express
SLC using rAAV serotype 2 as the delivery vector. This report
demonstrates that SLC gene transfer significantly decreases
the tumorigenesis of the Hepal-6 liver cancer cell line by in-
ducing both activated, T-cell-mediated tumor resistance and
inhibition of angiogenesis.

MATERIALS AND METHODS

Animals. C57BL/6J (H-2b), BALB/c (H-2d), and female nude mice (6 to 8
weeks of age) were purchased from the Chinese Academy of Science and housed
at the Animal Maintenance Facility of the Shanghai Medical College, Fudan
University.

Medium and chemokines. Complete medium consisted of RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum, 0.1 mM nonessential
amino acids, 1 �M sodium pyruvate, 2 mM fresh L-glutamine, 100 �g/ml strep-
tomycin, 100 units/ml penicillin, 50 �g/ml gentamicin, and 0.5 �g/ml fungizone.
Serum-free Opti-MEM I medium was obtained from GIBCO-BRL (Gaithers-
burg, MD). Recombinant murine SLC was sourced from BIodesign (Saco, ME);
rat anti-mouse SLC antibody was purchased from eBioScience company (San
Diego, CA).

Tumor cell lines. The murine Hepal-6 hepatocellular carcinoma cell line
(ATCC CRL-1830) was purchased from the Chinese Academy of Sciences.
AAV293 cells were purchased from Stratagene (La Jolla, CA).

Production and purification of rAAV-SLC. The AAV Helper-Free System
(Stratagene) was used for rAAV serotype 2 packaging. To amplify fragments
containing the full coding region, the following specific primers for murine SLC
were used: 5�-AGCGAATTCTACAGCTCTGGTCTCATCCTCA-3� (sense)
and 5�-GCGCTCGAGGTCTCTTTTCTAGCTCCCTCTTTG-3� (antisense),
containing EcoRI or XhoI sites, respectively. Total cellular RNA was extracted
from C57BL/6J mice lymph nodes. The above fragments were amplified using a
reverse transcription-PCR (RT-PCR) kit (QIAGEN, Germany). After the entire
nucleotide sequences of the PCR products were confirmed, the EcoRI-XhoI
fragment was inserted into the multiple cloning sites of pAAV-IRES-hrGFP
(where IRES is internal ribosome entry site and hrGFP is humanized recombi-
nant green fluorescent protein) which features a cytomegalovirus (CMV) pro-
moter and AAV2 inverted terminal repeats. rAAV-SLC serotype 2 vectors were
packaged in AAV293 cells using the three-plasmid cotransfection system (26).
hrGFP expression was used to ascertain the infection efficiency. AAV293 cells
were harvested 72 h posttransfection and lysed by repeated freezing and thawing.
DNase I treatment of viral preparations was performed to digest unencapsidated
DNA before real-time quantitative PCR (QIAGEN, Germany) analysis was used
to determine the particle genome titer.

CMV promoter-specific quantitative real-time quantitative PCR for determin-
ing titer. PCR was performed as previously reported (34), using the FastStart
DNA Master SYBR Green system (Roche Molecular Biochemicals, Mannheim,
Germany). The following primers were used: CMV forward, 5�-GGCGGAGTT
GTTACGACAT-3�; CMV reverse, 5�-GGGACTTTCCCTACTTGGCA-3�. A
fragment length of 201 bp is expected for the quantitative PCR product using
these primers. PCR was carried out in a final volume of 20 ml using 0.8 ml of each
primer (0.4 mM), 3.2 ml MgCl2 (25 mM), 2 ml of the supplied enzyme mix, 11.2
ml of H2O, and finally 2 ml of the template. The enzyme mix contained the
reaction buffer, Fast-Start Taq DNA polymerase, and the double-stranded DNA-
specific SYBR Green I dye for detection of PCR products. PCR was performed
with a 10-min preincubation at 95.8°C, followed by 50 cycles of 15 s at 95.8°C
(denaturation), 5 s at 67.8°C (annealing), and 10 s at 72.8°C (extension). PCR
products were subjected to melting curve analysis using a light cycler system to
exclude the amplification of nonspecific products. Finally, the PCR products
were analyzed by conventional agarose gel electrophoresis.

Viral transduction. At 24 h before transfection, Hepal-6 cells were plated in
growth medium without antibiotics and grown to 80 to �90% confluence. The
cells were washed once with Opti-MEM I medium and incubated with rAAV2 at
a multiplicity of infection of 100 for 2 h at 37°C with 7% CO2 and gentle agitation
every 15 min. After infection, cells were washed three times with serum-free
Opti-MEM and cultured in complete RPMI medium until further analysis.

Monitoring the intracellular distribution of rAAV-SLC. To investigate the
infectious entry pathway of rAAV-SLC and assess AAV-mediated gene transfer,
purified virus was labeled with the carbocyanine dye Cy3 (Amersham, NJ). Cy3-
labeled AAV (Cy3-AAV) was prepared as previously described (36). Hepal-6 cells
were infected with 1 � 1011 particles/ml of Cy3-conjugated rAAV (approximately
106 particles/cell) in binding buffer (Dulbecco’s modified Eagle’s medium containing
2 mM glucose, 10 mM HEPES [pH 7.3], and 1% bovine serum albumin) at 37°C

unless otherwise noted. Cells were washed three times with binding buffer prior to
infection. Prior to fixation, the binding buffer was removed, and the cells were
washed three times. Cells were then fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 min at room temperature and washed three times with
PBS. Where indicated, cells were either treated for 5 min at room temperature with
1-�g/ml 4�,6�-diamidino-2-phenylindole (DAPI) (Invitrogen, Eugene, OR) in PBS
with 0.1% Triton X-100 and washed three times with PBS or mounted in medium
containing DAPI, which was used to indicate the position of the cell nucleus.
Distribution of Cy3-AAV particles in Hepal-6 cells 2 h postinfection was analyzed by
confocal microscopy 2 h postinfection.

Detection of SLC produced by Hepal-6 cells infected with rAAV-SLC. SLC
expression from Hepal-6 cells posttransfection was confirmed by RT-PCR and by
specific enzyme-linked immunosorbent assay (ELISA). Supernatants were col-
lected from the cultured Hepal-6 cells that were treated with either rAAV-GFP
or rAAV-SLC at 24, 48, and 72 h postinfection and stored at �76°C for further
use. At the same time points, total RNA was also extracted from these cultured
Hepal-6 cells for RT-PCR analysis. A chemotaxis assay was used to further
determine the bioactivity of the SLC produced in the supernatant of SLC-
transduced Hepal-6 cells. For the chemoattractant source, supernatants from
infected cells were added to the bottom chamber of 24-well plates with a 6.5-mm
diameter and 5-�m-pore-size polycarbonate transwell insets (Corning Coster,
Cambridge, MA) in quadruplicate. T cells were purified from normal C57BL/6J
mouse spleen as responder cells, using a mouse T-cell recovery column kit
(Cedarlane, Ontario, Canada) according to the manufacturer’s instructions.

Determination of cell viability by dye exclusion assay and methylthiazol
tetrazolium (MTT) assay. Viable cell ratios were determined using a dye
exclusion assay. This assay is based on the exclusion of trypan blue dye from
viable cells. Transfected cells were collected at 24, 48, and 72 h postinfection
and then incubated with 0.4% trypan blue (Sigma) for 5 min. Cells were then
observed under a microscope and counted as stained or nonstained on a
hemocytometer. From this, viable cell ratios were calculated according to the
following formula: percent viable cell ratio � (number of nonstained cells/
total number of cells) � 100%.

Meanwhile, the cell viability of transfected cells was measured by MTT assay.
At 24, 48, and 72 h postinfection, cells were plated in 96-well plates, and then 100
�l of MTT was added to each well of the plates and incubated at 37°C for 4 h.
Medium was then aspirated and replaced with 100 �l of dimethyl sulfoxide
(Sigma) to solubilize crystals. Spectrophotometric absorbance of each sample
was measured at 450 nm using a Spectra microplate reader (Bio-Rad) against a
blank prepared from cell-free wells. Cell survival was expressed as a fraction of
the number of cells in untreated controls.

Tumor establishment in C57BL/6J mice. A total of 1 � 106 infected or
noninfected Hepal-6 cells diluted in 200 �l of serum-free RPMI 1640 medium
were injected subcutaneously (s.c.) into the left flank of 6- to 8-week-old
C57BL/6J mice to inoculate tumors. Tumor-bearing mice were divided into
different groups: (i) control tumor-bearing mice, injected with noninfected He-
pal-6 cells to inoculate tumors; (ii) rAAV-GFP transfected tumor-bearing mice,
injected with Hepal-6 cells 48 h postinfection with rAAV-GFP; and (iii) rAAV-
SLC-transfected tumor-bearing mice, injected with Hepal-6 cells 48 h postinfec-
tion with rAAV-SLC. After the tumors had grown to a size of 8 mm3, control
tumor-bearing mice also received three different treatments as follows: (iv) PBS
group, intratumoral injection with PBS; (v) rAAV-GFP injection group, intra-
tumoral injection with mock rAAV-GFP vectors (5 �l; 0.6 � 109 viral particles);
and (vi) rAAV-SLC injection group, intratumoral injection with rAAV-SLC
vectors (5 �l, or 0.6 �109 viral particles). As previously indicated, the AAV viral
vectors were delivered to six sites, 0.5 mm apart, along the needle track as the
needle was withdrawn, with a volume of approximately 0.8 �l at each of the six
sites over 10 min. The needle was left in the tissue for an additional 5 min and
then was slowly withdrawn. Developing tumors were then monitored twice
weekly by palpation measurement of tumor diameter for 40 days. Tumor volume
(in cubic millimeters) was calculated by the formula: volume � 0.4 � longest
diameter � shortest diameter.

IHC analysis for expression of SLC in tumor sites. For immunohistochemical
(IHC) analysis of SLC expression in tumor sites, tumors were harvested at day of
20 and embedded in 22-oxyacalcitriol (OCT) compound (Torrance, CA) before
being snap frozen in liquid nitrogen and stored at �76°C until IHC procedures
were performed. Serial 5-�m-thick cryostat sections were incubated with anti-
mSLC (PeproTech Inc.) and amplified using a Cy3-streptavidin ABC system
(Santa Cruz Biotechnology).

IHC analysis and flow cytometry for infiltration of CD11c� DCs, CD4� and
CD8� T cells, and CD3� CD69� T cells. For IHC analysis of infiltration cells,
tumorswere harvested at day 20. Serial 5-�m-thick cryostat sections were pre-
pared as described above and incubated with monoclonal antibodies (MAbs)
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recognizing CD4�, CD8� T cells, and CD11c� DCs (PharMingen, San Diego,
CA). In order to determine the bioactivity of T cells, sections were also double
stained with anti-CD3 and anti-CD69 (PharMingen, San Diego, CA). Isotype-
matched antibodies were used as a control.

For flow cytometry analysis of effector cell infiltration, the remaining tumor
samples were digested in 1 mg/ml type IV collagenase (Sigma, St. Louis, MO).

Digested tumors were passed through a 70-�m-pore-size nylon mesh, washed
once with Hank’s balanced salt solution, and resuspended in PBS–3% bovine
serum albumin to 1 � 106 cells/ml approximately. Samples were stained with
fluorescein isothiocyanate (FITC)-conjugated antibodies to CD11c and CD3 and
phycoerythrin (PE)-conjugated antibodies to CD4, CD8, and CD69 and then
analyzed by flow cytometry.

FIG. 1. rAAV-SLC virus was constructed and used to transduce Hepal-6 cells at high efficiency. (A) rAAV-SLC was packaged in AAV293 cells
using the three-plasmid cotransfection system. hrGFP expression was used as an expression marker for the inserted SLC gene. AAV293 cells
expressed GFP 48 h posttransduction, but more GFP-positive AAV293 cells were observed 72 h postinfection. (B) The encoding of SLC in the
rAAV genome was determined by PCR. To amplify the fragments containing the full SLC coding region, specific primers for murine SLC were
used. About a 500-bp PCR product of SLC peptide was detected. (C) The genome titer of rAAV-SLC was assayed by real-time PCR titration using
a CMV promoter-specific primer set. The standard curve allowed conversion of the data points in the rAAV2-SLC (1 pg DNA is equivalent to
1.3 � 105 particles). The genome titer of rAAV-SLC is calculated as (9.2 � 105) � (1.3 � 105), or 1.25 � 1011 particles. (D) The distribution of
Cy3-AAV-SLC particles (red) in Hepal-6 cells 2 h postinfection was observed to shift toward the nucleus and accumulate at the nuclear envelope.
Hepal-6 cells were pulse labeled with particles of Cy3-rAAV-SLC particles for 10 min at 37°C, washed with serum-free RPMI 1640 medium to
remove noninternalized virus, and then incubated at 37°C for 2 h prior to analysis by laser scanning confocal microscopy. Nuclei were assessed by
DAPI (blue) staining. A representative image is shown, consisting of a single plane of focus through the center of a cell. (E) At 72 h postinfection,
rAAV-SLC-mediated gene expression in Hepal-6 cells was analyzed by fluorescence microscopy for GFP fluorescence. (F) At 72 h postinfection,
Hepal-6 cells were analyzed by fluorescence-activated cell sorting. More than 50% of the Hepal-6 cells were GFP positive. (G) The expression of
SLC in Hepal-6 cells at 24, 48, and 72 h postinfection was determined by RT-PCR. (H) The SLC peptide concentration in supernatants was
examined by SLC-specific ELISA. Supernatants from infected Hepal-6 cells were harvested at 24, 48, and 72 h postinfection. The standard curve
was used in determining SLC concentrations in the supernatants (graph a). The bioactivity of SLC was confirmed by a chemotaxis assay.
Supernatants from infected Hepal-6 cells 48 h postinfection were used in the bottom chamber of a 24-well plate for the chemotaxis assay.
Recombinant SLC (100 ng/ml) was used to generate a standard control (graph b).
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The effect of rAAV-SLC on tumors established in nude mice. Hepal-6 cells
were cultured and infected with rAAV-SLC or rAAV-GFP particles or nonin-
fected and subsequently injected s.c. (106 cells/200 �l) into the right and/or left
flank of 6- to 8-week-old nude mice. Developing tumors were monitored twice
weekly as described above. Tumors were harvested at day 20, weighed and
embedded in OCT compound before being snap frozen, and then stained for
IHC analysis as described above. Serial cryostat sections were incubated with a
rat MAb specific for CD31/platelet endothelial cell adhesion molecule 1 (PE-
CAM-1) (1:50 dilution; PharMingen, San Diego, CA). Slides were subsequently
washed and incubated with biotin-conjugated goat anti-rat immunoglobulin G
(1:100 dilution; PharMingen, San Diego, CA) for 1 h at room temperature.
Binding sites were detected with Cy3-coupled streptavidin. Based on the assay
for intratumoral microvessel density (IMVD) reported by Weidner et al. (48),
the 10 most vascular areas within a section were selected for quantization of
angiogenesis. Vessels labeled with anti-CD31 MAb were counted under a fluo-
rescence microscope at a magnification of �200. The average counts were re-
corded as the CD31-IMVD.

Statistical analysis. For comparisons of two treatment groups, a Student’s t
test was performed. All statistical analyses were performed using SPSS software,
version 12.0(Chicago, IL). Statistical significance was achieved at a P value of
�0.05.

RESULTS

High transduction efficiency of liver cancer cells using
rAAV2-SLC. A new rAAV2 encoding SLC was packaged in
AAV293 cells (Fig. 1A) and harvested 72 h posttransfection.
The correct encoding of SLC into the rAAV2 genome was
determined by PCR (Fig. 1B). The virus titer was 1.25 � 1011

as analyzed by real-time PCR (Fig. 1C). Hepal-6 cells are
highly susceptible to rAAV2-mediated gene transduction. At
2 h postinfection, the viral particles were observed to move
toward the nucleus and to begin to accumulate at the nuclear
envelope (Fig. 1D). At 72 h postinfection, rAAV-mediated
gene expression in Hepal-6 cells was analyzed by fluorescence
microscopy for GFP fluorescence (Fig. 1E). To estimate the
percentage of transduced cells, fluorescence flow cytometry of
GFP was used. The efficiency of transduction was greater than
50%, based on the number of GFP-positive cells. An example
of this high-percentage transduction is presented in Fig. 1F.
There was no difference in transduction efficiencies between
the rAAV2-SLC and rAAV2-GFP viruses (data not shown).

SLC expression by Hepal-6 cells at 24, 48, and 72 h postin-
fection of rAAV2-SLC was confirmed by RT-PCR (Fig. 1.G).
A specific ELISA was used to determine the level of SLC
produced by rAAV2-SLC-expressing Hepal-6 cells. The stan-
dard curve was made with serial dilutions of the standard
samples (1,000, 500, 250, 125, 62.5, 31.2, 15.6, and 7.8 pg/ml).
Based on the standard curve, the absolute expression of SLC
protein at different time points after the cells were transfected
with rAAV2-SLC was calculated (Fig. 1H, graph a). A chemo-
taxis assay was used to further determine the levels and bio-
activity of SLC produced in the supernatant of SLC-trans-
duced Hepal-6 cells. As shown in Fig. 1H (graph b), the
chemotactic activity of culture supernatants isolated from He-
pal-6 cells 48 h postinfection with rAAV2-SLC was obviously
stronger than that elicited by GFP-expressing Hepal-6 cells.
The supernatants from GFP gene-modified Hepal-6 cells pro-
moted chemotaxis of T cells to the same extent as that of
culture supernatants from control Hepal-6 cells.

In order to determine whether the expression of SLC within
the tumor cells is directly toxic to the cells, a viability stain was
performed after transfection. Based on the exclusion of trypan
blue dye from viable cells, there was no significant difference in

the number of viable cells between groups (data not shown).
The cell viability of transfected cells was further measured
using an MTT assay. The data indicated that the proliferation
indices were not affected in the different groups (24, 48, and
72 h posttransfection) (data not shown), suggesting that SLC
expression itself has no effect on tumor viability.

rAAV2-SLC induces a potent antitumor effect. The effect of
SLC overexpression on antitumor immune responses was
tested in tumor-bearing mouse models. C57BL/6J mice were
injected s.c with Hepal-6 cells that had been previously trans-
fected with either rAAV-SLC or rAAV-GFP or left untreated.

FIG. 2. rAAV-SLC promotes a potent antitumor effect. C57BL/6J
mice were injected s.c with 1 � 106 Hepal-6 cells/200 �l that had
already been transfected with rAAV-SLC or rAAV-GFP or left un-
treated as a control. After the tumors had grown to the size of 8 mm3,
control tumor-bearing mice also received three different treatments
consisting of intratumoral injection with PBS, rAAV-GFP, or rAAV-
SLC. Tumor size was monitored twice weekly. On day 40, all of the
mice were sacrificed, and entire s.c. tumors were excised and weighed.
(A) SLC-producing tumors showed a delayed progression compared
with rAAV-GFP treatment. **, P � 0.01. No difference was observed
between GFP-expressing and control or PBS background tumors.
(B) rAAV-SLC-treated tumors were reduced in tumor weight. Be-
tween the two methods of virus treatment, in vitro transfection with
rAAV-SLC showed more obvious inhibition in tumor growth than the
direct in vivo intratumoral injection of rAAV-SLC. Bars indicate stan-
dard error. ***, P � 0.001; **, P � 0.01.
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rAAV-SLC-treated tumors showed a delayed progression
compared to rAAV-GFP-treated tumors (Fig. 2A). Along with
the reduction of growth, SLC overexpression also reduced
tumor weight (Fig. 2B). In vivo a direct intratumoral injection
of rAAV-SLC also inhibited tumor growth. However, the pre-
transduced tumor cells, which expressed SLC from the time
of administration, displayed a stronger antitumor effect (P �
0.01). No difference was observed between rAAV-GFP-treated
and normal background tumors as a result. However, it was
shown that the tumor growth curve of the rAAV-GFP-treated
group was not separated from the curve of the rAAV-SLC-
treated group until about day 20.

Local expression of SLC promotes the recruitment of DCs
and activated T cells to tumors in vivo. SLC expression was
demonstrated by IHC analysis. HEVs and an accumulated
lymphocyte infiltrate were found to form a lymphoid-like tissue
in established tumors (Fig. 3A). Because SLC is chemotactic
for both T cells and DCs, we hypothesized that SLC expressed
by tumor cells would elicit migration of these cells to the tumor
site. The infiltrating CD11c� DCs and CD4� and CD8� T cells
were detected using both IHC analysis and flow cytometry.
These analyses illustrated that significantly higher numbers of
CD11c� DCs (Fig. 3B and C) and CD4� and CD8� T cells
(Fig. 4) were recruited into tumors transduced with rAAV-
SLC compared to the control and rAAV-GFP-treated tumors.
A modest increase in immune cell density was also seen in

rAAV-GFP-treated tumors, possibly because of an inflamma-
tory immune reaction generated by rAAV-GFP infection. To
quantify the activity of the infiltrated CD4� and CD8� T-cell
lymphocytes, we analyzed cells by double staining with CD3
and CD69 by fluorescence-activated cell sorting analysis. We
found that there were more CD3- and CD69-positive cells in
tumors from the rAAV-SLC treatment group (Fig. 5). Taken
together, these data show that rAAV-SLC treatment increases
the number of DCs and activated T cells within the tumors.

Compared to the in vitro transfection treatment, a direct in
vivo intratumoral injection of rAAV-SLC attracted significant
infiltration of activated T cells and DCs. However, in this kind
of treatment, there were fewer infiltrating effector cells, as
shown in Fig. 4 (P � 0.01).

Inhibition of angiogenesis by rAAV-SLC in tumors in nude
mice. To test whether SLC expression also induced antitumor
activity apart from the anticipated immunological effects, we
injected tumor cells with or without SLC treatment into nude
mice. In general, the transplanted tumors in these animals
grew significantly faster than in immunocompetent control an-
imals, as there are no T cells to launch an antitumor immune
response in vivo. However, despite the lack of a T-cell-medi-
ated response, tumor weight was found to be significantly dif-
ferent from control animals (Fig. 6A). Quantification of IMVD
was performed by CD31 staining and subsequent determina-
tion of IMVD in the 10 most vascularized areas within a sec-

FIG. 3. Local expression of SLC attracted a heavy infiltration of immune effector cells and CD11c� DCs into tumors. C57BL/6J mice were
injected s.c with Hepal-6 cells. On day 20, some mice were sacrificed, and the s.c. tumor was excised and partly embedded in OCT compound.
(A) Serial 5-�m-thick cryostat sections from Hepal-6-implanted tumors were incubated with anti-murine SLC antibodies and amplified using a
Cy3-streptavidin ABC system. HEVs and local expression of SLC (red) were indicated in tumors with rAAV-SLC treatment. Accumulated
lymphocyte infiltrate (blue) was detected to form a new lymphoid-like tissue in established tumors. The infiltrating lymphocytes were observed to
pass through the wall of the HEV (arrow). (B and C) Flow cytometry and IHC analysis showed more heavy infiltration of CD11c� DCs into the
tumor sites. For flow cytometric analysis of CD11c� DC infiltration, the remaining tumor samples were digested with type IV collagenase and then
stained with an FITC-conjugated antibody to CD11c. IHC analysis was able to detect CD11c� DCs recognized by diaminobenzidine staining
(brown). Bars indicate standard error. ***, P � 0.001; *, P � 0.05.
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tion. As shown in Fig. 6B and C, a decrease in CD31-IMVD
was observed in tumors established from SLC-expressing
Hepal-6 tumor cells. The difference between the two groups
reached statistical significance (P � 0.05).

DISCUSSION

The induction of a potent antitumor immune response re-
quires the fine-tuned choreography of multiple immune effec-
tor cell types, including APCs and different subsets of T cells.
DCs, the most potent APCs, play a critical role in this process
through a series of functions including antigen capture and
processing, up-regulation of costimulatory signals, and finally
antigen presentation and activation of T cells (2). Efficient
retrieval and transport of DCs into T-cell-rich areas is primar-
ily mediated by SLC (35) and ELC (1), which engage a single
receptor, CCR7. Previous work demonstrated that the chemo-
tactic activity of SLC for DCs and T cells could be harnessed to
generate antitumor immune responses (24, 30, 37, 38, 44, 45).
In light of these results, recent work by Flanagan et al. (11)
showed that SLC costimulates naı̈ve T-cell expansion and Th1
polarization of nonregulatory CD4� T cells. In other studies,
SLC enhanced the immunity of an antimelanoma DNA vac-
cine (53) and was evaluated for antitumor effect by coexpres-
sion of SLC and the costimulatory molecule LIGHT (16).
Almost all of these reports indicated that the antitumor effect

of SLC was mediated by greatly enhancing the infiltration of
mature DCs and CD8� T cells to the tumor. These data also
suggested that modulation of the tumor microenvironment
could lead to effective T-cell priming and the generation of
functional antitumor effector cells in the absence of functional
lymph nodes.

We reasoned that such an activity could be improved upon
by in situ activation of recruited DCs and T cells via local
long-term expression of SLC. In this study, we applied an
rAAV vector to deliver SLC directly into the tumor cells. This
choice was based on the broad host range, excellent safety
profile, and the ability of rAAV to integrate into the host
genome as well as to provide long-term expression in infected
hosts (20, 52, 57). Although studies have addressed the efficacy
of AAV-mediated gene therapy in different human and mam-
malian cell types, the most efficient vector transduction in vivo
has been reported in skeletal muscle and brain, followed by
hepatocytes (4, 22, 29, 52, 58). Subsequent to infection, AAV
is transported to the nucleus within a short time, and uncoating
of the capsid releases the vector genome into the host cell
nucleus (3). Consistent with previous reports, we found that
Cy3-conjugated AAV was bound to Hepal-6 cells and exhib-
ited a dispersed, punctate distribution in the cell, likely reflect-
ing virions in both endocytic compartments, and was free
within the cytosol. Perinuclear accumulation was observed by

FIG. 4. rAAV-SLC enhances infiltration of CD4� and CD8� T cells into the tumor site. (A) IHC analysis for infiltrated CD4� and CD8� T
cells in the tumors. Tumor sections were incubated with MAbs recognizing PE-CD4� and FITC-CD8� T cells. More PE-CD4� T cells (red) and
FITC-CD8� T cells (green) were detected in rAAV-SLC-treated tumors. (B) To further quantify the number of infiltrating lymphocytes, tumor
samples were digested with type IV collagenase. The collected cells were stained with FITC-anti-CD3 and PE-anti-CD4 or PE-anti-CD8 for flow
cytometric evaluation. Compared with the control and rAAV-GFP-treated mice, significantly higher numbers of CD4� and CD8� T cells were
found in the infiltrate of SLC-treated mice. Bars indicate standard error. ***, P � 0.001; **, P � 0.01.
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2 h. We demonstrated that Hepal-6 cells are highly susceptible
to rAAV-mediated gene transduction in this study.

In contrast to other reports (37, 38, 54, 55), we harnessed the
long-term, local expression of SLC in the tumor bed mediated
by rAAV vector to detect its antitumor effect. Our results
showed that rAAV-SLC was more effective in generating sys-
temic antitumor responses, accompanied by extensive infiltra-
tion of CD11c� DCs and CD4� and CD8� T cells into the
tumor site, especially activated CD3� CD69� T cells. HEV
and a lymphocyte infiltrate were found to form a new lym-
phoid-like tissue within established tumors. These data suggest
that long-term ectopic expression of SLC in tumors could trig-
ger lymphoid neogenesis. It is well established that SLC (5, 13,
17, 28) is expressed predominantly in lymph node HEV, but it
is also expressed by cells in the T-cell-dependent regions of
lymphoid tissue. In the thymus, it is expressed by cells in the
medulla, including blood vessels and medullary epithelium,
and may contribute to tissue organization. For example, in the
thymus, thymocytes and DCs acquire expression of the SLC
receptor, CCR7, during development (21, 43); therefore, med-
ullary expression of SLC may induce migration of mature cells
toward the medulla. Similarly, expression of SLC by HEV
may help organize the T-cell/DC compartment around HEV,
whereas an opposing gradient of the chemokine, B-lymphocyte
chemoattractant, produced by follicular DC, draws B cells into
the B-cell follicles. To assess the role of SLC in lymphoid tissue
development, Fan et al. (10) generated transgenic mice with
islet 	-cell-specific expression of SLC and found that ectopic
expression of the SLC is sufficient to trigger lymphoid neogen-
esis by recruiting the lymphocytes and DCs to pancreatic islets.
Thus, our present result is coincident with previous studies. On
the other hand, this result also suggested that local expression

of SLC in the tumor bed might play another role in the anti-
tumor effect by destroying the solid tumor barrier through
recruitment of the extensive, activated CD4� and CD8� T
cells, as well as CD11c� DCs.

The “barrier” formed around solid tumors by infiltrating
host stroma hinders the presentation of tumor antigens in
draining lymph nodes, and, in the absence of a robust costimu-
latory environment, specific T cells can remain ignorant or
become energized (31, 32). Additional obstacles for T-cell
homing and expansion inside tumors may also hinder tumor
eradication (49). Murine models have shown that abundant,
activated, tumor antigen-specific T cells fail to reject tumors
even when they can reject skin grafts or less established tumors
bearing the same antigen (14). Thus, the tumor barrier may be
an important contributor to the failure of tumor rejection.
However, it is possible that the active recruitment of naive T
cells into tumors, followed by their activation through robust
costimulation and sufficient antigen load, may overcome these
obstacles to antitumor immunity. So, targeting the tumor bar-
rier might indeed be useful for immunotherapy. In this study,
we also observed some lymphocytes passing through the wall of
the HEV, which was hypothesized to contribute in destroying
the tumor barrier.

In addition to CCR7, mouse SLC has also been shown
to signal through mouse CXCR3 and share some of the
activities of gamma interferon-inducible protein 10 and
monokine induced by gamma interferon (19). As CD31/
PECAM-1 has been proved to be involved in angiogenesis
by previous works (8, 40), we selected CD31 expression as a
marker of angiogenesis in SLC-treated tumors that were
established in nude mice. As a result, the mechanism un-
derlying the antitumor effect of rAAV-SLC was further ex-

FIG. 5. The infiltrated T cells are mostly activated cells. In order to determine the bioactivity of the infiltrated T cells, the collected cells were
also double stained with FITC-anti-CD3 and PE-anti-CD69. Isotype-matched antibodies were used as a control. In comparison with the control
and rAAV-GFP treatment groups, significantly higher numbers of CD3� CD69� T cells were found in the infiltrate of SLC-treated mice by flow
cytometric evaluation. Most CD3-positive T cells (green) are CD69 positive (red) in the rAAV-SLC-treated group and displayed double staining
(yellow).
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amined and elucidated in detail, revealing that local expres-
sion of SLC also plays an important role in the inhibition of
neoangiogenesis in the tumor bed. Is the protection by SLC
in wild-type mice due to an increased T-cell response or due
to the inhibition of angiogenesis? We believe that the pro-
tection by SLC in wild-type mice is mainly due to an in-
creased T-cell response. This point was demonstrated in our
preliminary experiments by using pertussis toxin (a specific
inhibitor of CCR7) to block the infiltration of immune ef-
fector cells, and we found a poorer antitumor effect, com-
pared to that without pertussis toxin treatment (data not
shown). However, we also believe the inhibition of angio-
genesis would play an important role in the antitumoral
effect as time went on, which could be inferred from the
rAAV-GFP-treated groups. In this study we also found that
GFP-AAV has some effects on DC and T-cell infiltration.
The effects are likely due to an inflammatory immune reac-
tion generated by rAAV2 itself. This result is consistent with
a recent study (46), indicating that AAV2 capsid proteins
can elicit primary cellular immune responses when injected
into the skeletal muscle. So the increased infiltration of
effector cells in the rAAV-GFP-treated group could explain
the result that its tumor growth curve was not separated
from the curve of rAAV-SLC-treated group until about day

20. As time went on, the tumor microenvironment (such as
the secretion of transforming growth facto 	 and interleu-
kin-10) might educate T cells into regulatory T cells, or
more and more T cells would become ignorant. This might
be the reason why there was no observed difference in an-
titumoral effect between rAAV-GFP-treated and normal
background tumors. As to rAAV-SLC-treated tumors, it
could be inferred that the inhibition effect of angiogenesis
would play a main role from then on. Additional studies will
be required to delineate these properties of rAAV-SLC and
effector T cells as well as the tumor microenvironment in
vivo.

Overall, these results suggest that mouse SLC gene transfer
into a liver cancer cell line by rAAV transduction elicits strong
antitumor effects by inducing both an angiostatic effect and
lymphocyte infiltration, as well as destruction of the tumor
barrier. In summary, our work outlines a comprehensive im-
mune therapy strategy applicable for solid tumors based on
cooperative interaction of multiple effector cell types. This
strategy may overcome the functional immune impairment ob-
served in patients with advanced malignancy. The results also
throw some light on studies about the tumor microenviron-
ment and T cells.

FIG. 6. Local expression of SLC inhibits angiogenesis of tumors. Nude mice were injected s.c with 1 � 106 Hepal-6 cells/200 �l, with or without
SLC treatment. On day 20, all the mice were sacrificed, and the tumors were excised and embedded in OCT compound for serial 5-�m-thick
cryostat sections. (A) Tumor weight in the SLC-treated group was significantly lower than that of wild-type animals. *, P � 0.05. (B and C)
Quantification of IMVD was performed by CD31 staining and subsequent determination of IMVD in the 10 most vascularized areas within a
section. For each section, the positive data were calculated automatically by computer software. An antibody specific for CD31 was used as the
first antibody and amplified using the Cy3-streptavidin ABC system. A decrease in CD31-IMVD was observed in tumors established from
SLC-expressing Hepal-6 tumor cells. The difference between the two groups reached statistical significance (*, P � 0.05). Bars indicate standard
error.
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